AXIOM (Advanced X-ray Imaging Of the Magnetosphere) is a concept mission which aims to explain how the Earth's magnetosphere responds to the changing impact of the solar wind using a unique method never attempted before; performing wide-field soft X-ray imaging and spectroscopy of the magnetosheath. magnetopause and bow shock at high spatial and temporal resolution . Global imaging of these regions is possible because of the solar wind charge exchange (SWCX) process which produces elevated soft X-ray emission from the interaction of high charge-state solar wind ions with primarily neutral hydrogen in the Earth's exosphere and near-interplanetary space.
Introduction
Traditionally the plasma and magnetic field environment of the Earth has been studied using in-situ measurements.
Whilst this provides local information about plasma behaviour, instabilities and dynam ics, thi s methodology lacks the global view which is necessary to understand the overall behaviour of the plasma. This problem can either be addressed by increasing the number of in-situ measurements via a multi-spacecraft approach or by remote imaging of relevant plasma emission processes. The former was the motivation behind the current four-spacecraft European Space Agency (ESA) Cluster mission and the proposed ESA Mclass candidate Cross-Scale and JAXA /CSA SCOPE missions which would have employed a total of twelve spacecraft if launched con currently.
Remote imaging provides an alternative solution. Imaging has been used to study the Earth's aurora, for example in X-rays with the PIXIE instrument on the Polar mission , and the inner magnetosphere with radio, ultraviolet and neutralatom imaging instruments on IMAGE. Imaging on larger scales to encompass the whole magnetosphere is possible using a wide-field X-ray imager with the sensitivity to detect the soft X-ray line emission that arises from solar wind charge exchange; the process whereby high charge-state solar wind heavy ions exchange an electron with neutral hy- drogen within the Earth's exosphere and subsequently relax by emitting X-ray (or ultravi olet) photons (Collier et al. 2010) . TheSWCX X-ray emissivity is directly related to the solar wind density (as well as the ion composition, average velocity and target density) and therefore provides a diagnostic of the mass flow of the incoming plasma through the region.
T heoretical work by (Robertson & Cravens 2003) and (Robertson et al. 2006) laid the groundwork for the feasibi lity of using imaging in this way by predicting the expected X-ray emissivity within the magnetosheath in two cases; an average strength solar wind and that typical of a strong coronal mass ejection. The results suggested that the enchanced signal from the region would easily be detectable with an appropriately placed X-ray telescope with modest sensitivity. Direct measurements of terrestrial SWCX using relatively narrow field-of-view (FOV) X-ray telescopes such as on XMM-Newton (e.g. Snowde n et al. 2004; Carter et al. 2011 ) have confirmed this view, AXIOM (Advanced X-ray Imaging Of the Magnetosphere) is a mission concept that can provide this powerful new view of the dynamic plasma processes within the magnetosphere . The mission profile of AXIOM was developed for the ESA Medium Class Round 3 Announcement of Opportunity in 2011 and is described briefly in this paper. A more comprehensive description of AXIOM and its science goals is given in . solar wind Fig. 1 The dayside magnetosphere: The magnetopause represents the outer boundary of the magnetosphere, and is compressed on the dayside . Solar wind is processed at the bow shock, so that it may flow around the magnetopause.
Concepts with essentially the same primary science goals but designed around other opportunities are the LXO (Lunar X-ray Observatory) (Porter et a1. 2008; Collier et al. 2008 ) and the STORM instrument (Kuntz et aJ. 2008; Collier et al. this proceedings) which was proposed as one instrument on the MAGIC (Magnetospheric Activation & Geospace Ion Circulation) mission concept.
Scientific Objectives
The Earth's magnetic fie ld carves out a cavity known as the magnetosphere in the collision less supersonic and superAlfvenic solar wind plasma. The solar wind flow compresses the Sunward side of the magnetosphere but drags the nightside out into a long magnetotail. A sharp transition from tenuous magnetospheric plasmas to dense, shocked, solar wind plasmas marks the magnetopuasc, the outermost boundary of the magnetosphere. Cusps at high latitudes on the dayside magnetopause denote locations where field lines divide to close either in the opposite hemisphere or far down the magnetotail. Weak field strengths within the cusps provide an opportunity for solar wind plasma to penetrate deep into the magnetosphere, all the way to the ionosphere. This scenario is illustrated in Fig. I .
Because the solar wind is supersonic , a collisionless bow shock forms upstream of the magnetopause. The manner in which the solar wind is slowed, compressed, heated and diverted at planetary bow shocks is of key importance in understanding how the solar wind interacts with planetary magnetospheres, since it is the shocked magnetosheath ® 2IXl6 WH'£y·VCH ¥tria, GmbH &Co. KGIA. Wei*im S. Sembay et aJ.: AXIOM plasma, not the pristine solar wind, that interacts with the magnetosphere at the magnetopause .
The position and shape of the magnetopause change continually as pressures within the Earth's magnetosphere attempt to respond to constantly varying solar wind dynamic pressures. The magnetosheath plasma flow depends on the shape and location of the shock, which in tum depends on the shape and location of the magnetopause, making an analytic solution intractable. The solar windmagnetosphere interaction on a global scale provides the primary science questions that AXIOM wi ll address. These can be summarised as;
• In order to obtain a global view of the Earth's magnetosphere we require a vantage point far out from the planet at a di stance from the Earth of the order of tens of Earth Radii (RE) . Several orbit possibilities, both equatorial (circular) and polar (elliptical), were considered for AXIOM . Equatorial orbits provide the classical view from the side of the magnetosphere for a large fraction of the time, but suffer from having the (far too X-ray bright) Earth in the FOV for a significant fraction of the orbit. Polar elliptical orbits are much better at avoiding viewing the Earth, but imply regular passages through the Earth's radiation belts (unless perigee is above rv 6 RE) . which impose more severe radiation shielding requirements. In both configurations, we require that the Sun angle be above 45 0 from the edge of the FOV. to help avoid stray-light being passed by the X-ray optic onto the detector.
After a mission analysis carried out by Astrium of the various possibil ities we proposed that the AXIOM spacecraft be launched into a Lissajous orbit at the Earth-Moon www.an-journal.org Ll point at a distance of 50-55 RE (Figure 2 ), This is a particularly mass-efficient orbit to reach (using a low speed approach to the Moon to enable a 'weak capture'). It was calculated that the ESA Vega launcher using a LISA Pathfinder Propulsion Module as the spacecraft bus could deliver into that orbit a payload of 451 kg. The Lissajous orbit itself has a period of about 14 days (the larger L1 orbit being 28 days) and is somewhat unstable requiring some station keeping approximately every 7 days or so. The observing efficiency for the primary science target from this vantage point point was calculated to be around 58 %,
Payload
The primary science target of AXIOM is an extended structure around the Earth of size several ( . . . . . . . . 10 -20) RE emitting X-rays at characteristic line energies in the range 0.110 25 keY. From the Earth -Moon Ll position this structure, encompassing the bow shock, magnetopause and magnetospheric cusps, has a scale size of several degrees. The prime instrument on AXIOM is a Wide-Field X-ray Imager (WFI) whose key requirements are defined to be;
1. Sensitivity to X-rays in the energy range 0.1 to 2.5 keY (primary science target), and to higher energies for calibration purposes
2. An energy resolution of < 65 eV (FWHM) at 0.6 keY sufficient to isolate the major X-ray emission lines (primarily from OVII and DVm in the energy band 0.5 to 0.7 keY) 3. Imaging capability with an angular resolution of . . . . . . . . Conventional Wolter-type X-ray optics of the nested shell design have at most a "" 1 ° FOY, far too narrow to provide the wide-field capabi lity required for AXIOM without www.an-journal.org 791 incurring a prohibitive mass and cost penalty. The optic for the WFI therefore uses an ultra-lightweight micropore optic (MPO) array in a Lobster-Eye geometry (Brunton et al. 1997; Fraser et al. 2002) . The basic optic technology is essentially identical to that described in Collier et al. (this proceedings) for the STORM prototype. Our baseline design has a focal length of 70 cm. With the specified FOY this leads to an optic size of about 24 cm x 36 em and is fanned from a tile of 6 X 9;: 54 MPO plates (of size 4 crn x 4 cm).
The mass of the entire optic plane for this instrument is < 1 kg.
Imaging and spectroscopic capability in the detector is provided by wide-area X-ray sensitive CCDs. Our baseline device is a commercially available 4k x 4k pixel CCD of physical size 6.14 cm x 6.14 cm. The detector plane must be half the size of optic to cover the FOV, hence the detector has 6 of these devices tiled in a 2 x 3 array. Table I summari ses the key characteristics of the WFI .
In addition to the WFI, AXIOM also carries a plasma analysis package and a magnetometer. The plasma package consists of a Proton-Alpha Sensor (PAS) and an Ion Composition Analyser (leA) which will derive basic solar wind parameters (e.g. density, velocity and temperature) . The instruments are based on the Solar Orbiter Solar Wind Analyser (SWA) package (see ESAISRE-2009-5, Yellow Book), optimised to address the AXIOM scientific requirements, which are overall less severe than those of the SWA. The magnetometer (MAG) measures the orientation and magnitude of the interplanetary magnetic field. The baseline design is a dual redundant digital flux gate magnetometer consisti ng of two tri-axial fluxgate sensors. The fluxgate sensor also has a high technology readiness level having successfully flown on Cassini and Double Star.
The plasma package and magnetometer together can detect interplanetary shocks and solar wind discontinuities passing over the spacecraft. These interfaces, moving at hundreds of km 8 -1 in the solar wind , take only a few seconds to pass over the spacecraft.
Performance Assessment
Here we briefly describe the performance assessement of the WFI. the prime instrument on AXIOM. Further details on the PAS, ICA and MAG instruments can be found in (Branduardi -Raymont et al. 20 II) .
The performance assessment of the WFI was based on the simulations of the expected X-ray emissivity of the magnetosheath and surrounding volume by Robertson et al. (2003 Robertson et al. ( , 2006 . These represent two states of the solar wind; a quiescent solar wind (density 7 cm -3 and speed 400 km s-1) and a state representative of a storm (CME) which occurred in March 2001. The sim ulations predict peak X-ray emissivities of8.8 and 160 keY crn -2 8 -1 sr -1 respectively (note the quiescent state model has no simulation of the cusp structure).
Energy ( In the storm sim ulation the global structure of the magnetosheath is easily visible above the background in only 100 s. The position and extent of the cusps, for example, should be detectable to within a fraction of an RE on timescales of a few minutes during periods of high solar activity. During average solar wind conditions we would require integration times of around I ks.
In addition the WA will also be able to accumulate high precision SWCX spectra. The moderate energy resolution of the ceo detectors will enable the principal lines from the major ions to be resolved and solar wind abundances can be derived directly from the X-ray data . Although the effective area of the WFI is modest the wide FOV gives the instrument an enormous grasp (defi ned as effective area times the FOV area) for collectin g photons from diffuse emission, 25 times that of XMM-Newton at 0.6 keY. Figure 5 shows a simulated background-subtracted spectrum of SWCX emission from a CME assuming an exposure of I ks. The spectral model was directly based on a SWCX spectrum from a CME as observed by XMM-Newtofl (Carter et al. 2010 ). The concept of using X-ray emission from SWCX interactions to image the dynamic interaction between the solar wind and the magnetosphere has the potential to revol utioni se this field of study. A better understanding of the energy transfer from the solar wind into the Earth environment is of crucial importance in our modelling and forecasting of space weather effects. The AXIOM concept as described here is relatively low cost, calculated to be about half the cost of a typical ESA M class mission , using technology which is at a high technological readiness level. AXIOM directly addresses the question raised in £SA's Cosmic Vision quest, 'How does the Solar System work?' . 
